The primary objective of this study was to quantify the contribution of glacial melt to total runoff in the Gaerqu River catchment, which is located in the source region of the Yangtze River, China. The isotope hydrograph separation method was used to separate glacier melt runoff from total runoff in the catchment. The degree-day method was used to investigate temporal variations in glacial melt runoff. The results showed that the contribution of glacial melt runoff to total runoff was 15.0%. The uncertainty of the separation was ± 3.7% at the confidence level of 95%. Glacial melt runoff was mainly generated in June, July, and August. The runoff coefficient was 0.23 for the catchment.
INTRODUCTION
Hydrograph separation is a technique that is used for identifying runoff components, and the derived data are essential for the optimal protection of water resources, for eco-hydrological studies, and for improving flood forecasts (Wels et al. Although there are spatial and temporal variations in the isotopic character of water components including precipitation and streamflow, these variations are reduced when seasonal averages of isotope values over the catchment are used (Maurya et al. ) . Furthermore, the annual mean contribution of different water sources is more important from the perspective of water resource management and protection than that for an individual event. Therefore, seasonal mean isotopic data is recommended for use in hydrograph separation.
The source region of the Yangtze River (SRYR), which is located in the interior of the Qinghai-Tibet Plateau, is a unique natural environment with abundant natural resources that also serve important ecological functions. 
).
Changes to the region's glaciers can ultimately affect the ecosystem as well as have an impact on regional water resources at the SRYR. Therefore, it is essential to investigate the contribution of glaciers to total runoff.
In this study, a seasonal stable isotope dataset (from the observational period 1 June 2013 to 10 June 2014), for precipitation, glacial meltwater, and streamflow was applied to the isotope hydrograph separation method to quantify the contribution of glacial meltwater to total runoff in a high altitude catchment of the Gaerqu River, which is located in the SRYR, China. This study focused on quantifying the contributions of the two different water sources (precipitation and glacial meltwater) identified in the streamflow at the catchment outlet. Soil water, also known as base flow or groundwater, is also a product of precipitation and glacial meltwater. Therefore, soil water movement via hydrological processes was not reflected in the results.
Because of the harsh natural environment, the study area has not been affected much by human activities such as land use change. This was beneficial for our scientific research. In this study, the hydro-meteorological variables observed included precipitation, air temperature, and streamflow. Water samples of precipitation, glacial melt, and river water were collected and analyzed for stable isotopes. With the results of these analyses, the isotope hydrograph separation method was used to quantify the contribution of glacial melt to total runoff during the entire observational period. Finally, the degree-day method was applied to investigate temporal variations in glacial melt runoff. It is hoped that the results of this study will provide a useful resource to support water resource management and protection efforts, especially as the SRYR undergoes glacial changes.
MATERIALS AND METHODS

Study area
The SRYR is located in the central eastern part of the 
Measurement of stable isotopes
The stable isotopes of precipitation and river water samples were analyzed using a liquid-water isotope analyzer (Picarro L2120-i) at the Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences (CAS).
Isotopic ratios are expressed in the δ notation of units of per mil (‰) relative to the Vienna-Standard Mean Ocean
Water (V-SMOW; Gonfiantini ):
where 
Isotope hydrograph separation
The physically based hydrograph separation method was selected to separate the water sources of runoff into precipitation and glacial melt, but this was done without consideration for underground water movement via hydrological processes (e.g., groundwater). This method is based on calculating the mass balance of isotopic tracer fluxes and water. The balance equations used for the hydrograph separation method are as follows:
where Q t is the total runoff (represented by the streamflow at the catchment outlet in m 3 s À1 ), Q p and Q g are the contributions to streamflow from precipitation and glacial meltwater (m 3 s À1 ), respectively, δ t is the isotopic concentration of total runoff (‰), and δ p and δ g are the isotopic concentrations for the precipitation and glacial meltwater runoff components (‰), respectively. Based on Equations (2) and (3), a two-component separation model was used to identify contribution of glacial melt runoff as follows:
As The uncertainty of the isotope hydrograph separation for two components was calculated using the method proposed by Genereux (). Assuming that a parameter y is a function of several variables x 1 , x 2 , …, x n (i:e: y ¼ f(x 1 , x 2 , . . . , x n )), and the uncertainty in each variable is independent of the uncertainty in the others, the uncertainty in y is related to the uncertainty in each of the variables by the following:
where W represents the uncertainty in the variable specified in the subscript. Application of Equations (5) and (4) showed the uncertainty as
where the uncertainty W is estimated for using standard deviations multiplied by t values from the Student's distribution.
Delineation of glacier areas
Glacier margins were identified using remote sensing images.
Manual interpretation, which has proved to be the best method for delineating glacier areas from satellite imagery (Bishop Glacial areas were manually digitized from satellite images using the software ArcGIS 10.0. Glacier outlines were mapped manually by using false color composite bands.
Degree-day method
The degree-day method was applied to investigate temporal variations in glacial melt runoff. This method is based on the concept that glacier melting occurs when the mean air temperatures above the glacier surface are above the melting point of ice (0 W C). Therefore, the total melt runoff during a particular period is proportional to the sum of the positive mean air temperatures for the same period (Braithwaite & Raper ; Hughes & Braithwaite ). The degree-day method is calculated as follows:
where M is glacial meltwater (m 3 /d), T þ is the positive air temperature ( W C), n is the number of daily samples of the glacial meltwater, and DDF is the degree-day factor
. These calculations were performed on daily data series. The DDF was calibrated by Equation (8).
In this study, the unit used for the DDF was m 3 W C À1 d
À1
and not mm W C À1 d À1 , which has been used often in other studies. This choice was made because the chosen unit is more convenient for calculating glacial melt runoff. Due to data limitations, the revised degree-day method, which requires more datasets (including radiation data), was not used in this study.
Based on the observed air temperature data, the air temperature lapse rate at the Dongkemadi Glacier was identified as 0.63 W C/100 m and 0.67 W C/100 m by Liu et al.
() and Qiao et al. (), respectively. The Dongkemadi
Glacier is located in the Tanggula Mountains of the SRYR, and it is near to the Geladandong Glacier (the glacier used in this study). A mean air temperature lapse rate of 0.65 W C/100 m was used as the air temperature lapse rate for the study area. This value was subsequently used to calculate the air temperature at the glacier margin, as identified from remote sensing imagery.
RESULTS
Hydrological characteristics of the Gaerqu River catchment
The observed water levels and corresponding streamflow for the Gaerqu River catchment are shown in Figure 2 . In this study, the rising flow and recession flow were fitted by a logarithmic curve and an exponential curve, respectively. The streamflow at the catchment outlet corresponding to each water level was then calculated from this rope relation curve.
Streamflow at observation site Discharge 1 ranged between 9.5 and 22.9 m 3 /s, with a mean value of 15.8 m 3 /s.
The river was frozen from November 7, 2013 to April 28, 2014. The mean air temperature and water temperature during this period were À7.7 W C and À5.4 W C, respectively.
The hydrograph of the catchment outlet during the observation period is shown in Figure 3 . In spring 2014, the river melted at the end of April, as shown in the hydrograph of the catchment outlet for the observation period (Figure 3) .
A sharp increase in flow occurred in early June 2014.
Together with the streamflow data in June 2013, these data span a hydrological year for the whole observation period.
The observed streamflow was greatest from July to early During the hydrological year, total runoff was ∼2.6 × 10 8 m 3 , which is equivalent to 57.0 mm of precipitation.
The total precipitation observed during the hydrological year was 243.9 mm, which is equivalent to ∼10.9 × 10 8 m 3 .
Based on precipitation alone, the runoff coefficient, as defined by the ratio of annual runoff to precipitation, was 0.23 for the catchment. If glacial melt runoff was not included, the hydrological budget equation could be described as that precipitation subtracted by runoff was equal to the sum of evapotranspiration and changes in soil water storage at a catchment. This value suggests that precipitation accounted for <25% of runoff throughout the hydrological year, with the remainder lost to evapotranspiration or to changes in soil water storage in the catchment.
However, in reality, the precipitation loss must be >76.6%
because the true runoff coefficient reflects the combination of both precipitation and glacier melt.
Isotopic compositions of water samples and environmental implications
The correlations between δ 
Isotope hydrograph separation and its uncertainty
During the observation period, the volume-weighted mean values of δ 18 O for streamflow at the catchment outlet, for the precipitation at the two sample sites, and for glacial meltwater were À11.9‰, À11.3‰, and À15.6‰, respectively. Calculations using the isotope hydrograph separation method, Equation (4), show that the contribution of glacial melt runoff to total runoff was 15.0%. Uncertainty results for hydrograph separation were shown in Table 1 . Calculated by Equation (7), the uncertainty of the separation was ± 3.7% at the confidence level of 95%. Therefore, the contribution of glacial melt runoff was 15.0 ± 3.7% (the confidence level of 95%) at the Gaerqu River catchment. As the total runoff during the observation period was 2.55 × 10 8 m 3 , the glacial melt runoff can be calculated as (0.38 ± 0.09) × 
DISCUSSION
The runoff coefficient for the catchment was calculated as 0.23, which indicates that runoff constituted 23% of the total precipitation throughout the study period (a single hydrological year). Since the contribution of glacial melt runoff to total runoff was calculated as 15.0%, the contribution of precipitation to total runoff was 85.0%. Then, runoff coming from precipitation was calculated as the total runoff multiplied by 85.0%. Therefore, precipitationinduced runoff constituted 19.9% of the total annual precipitation, meaning that precipitation loss was <80% across the hydrological year. Precipitation was mainly lost due to evapotranspiration or changes in soil water storage in the catchment. water. This indicated evaporation was greater over the entire catchment than that for the upstream region alone.
It is possible that this reflects the lower mean air temperatures of the upstream region.
When applying the isotope hydrograph separation method, the use of mean isotopic values calculated over a long period can help to reduce the uncertainties caused by the lag time of flow concentrations. Applying the isotope hydrograph separation method to precipitation-runoff events is difficult because they are affected by a lag time of flow concentration. However, in this study, river water samples were not collected immediately after every precipitation event, and as a result, isotope hydrograph separations for individual precipitation-runoff events were not included in this study.
Hydrograph separation was focused on the contribution of the initial sources of runoff in the catchment (precipitation and glacial melt) to the total runoff. The isotopes in river water reflect the initial water sources. In this study, isotopic movement through other hydrological processes was not considered, for example, isotope fractionation during the evaporation process.
In this study, it was assumed that glacial melt originates at glacier margins and that the degree-day factor was constant at the glacier margin zone. Although glacier margins were necessarily changing as a result of glacial melt, at the altitude of this study these changes were <15 m during the observation period. Therefore, the degree-day factor at the glacier margin zone, which was identified midway through the observation period, was representative of the glacial melt characteristics across the whole period.
CONCLUSIONS
Observed hydro-meteorological data and isotope data of 94
water samples were applied using the isotope hydrograph separation method to quantify the contribution of glacial meltwater to total runoff in the Gaerqu River catchment.
The degree-day method was used to detect temporal variations in glacial melt runoff. The contribution of glacial melt runoff to total runoff, as identified by the isotope hydrograph separation method, was 15.0%. Glacial melt runoff was mainly generated in June, July, and August, with the largest monthly value in August 2013 (15.4 × 10 6 m 3 ). The greatest daily glacial melt runoff recorded was 1.0 × 10 6 m
